
2018 Joint Asia-Pacific Network for Housing Research and Australasian Housing Researchers Conference  
Griffith University, Gold Coast, Australia, June 6-8 2018 

BUILDING’S LIFE CYCLE EMBODIED CARBON 
EMISSIONS ASSESSMENTS: A REVIEW 
 
 
Tran Mai Kim Hoang Trinh 
Griffith University, Gold Coast, Australia 
Jeung-Hwan Doh 
Griffith University, Gold Coast, Australia 
 
 
Abstract: The building industry has long been criticised with significantly consuming 
natural resources and discharging high volumes of greenhouse gas emissions. It is 
therewith critical for the entire industry to work towards sustainable design and ‘green’ 
construction with which the environmental impacts could be greatly reduced. Overall, 
buildings’ life cycle emissions comprise of those at the construction stage (embodied 
carbon), and those at the operation stage. While a massive effort has been put into curbing 
operational emissions, embodied emissions occurring in the upstream processes are 
largely overlooked. Since recent studies have increasingly emphasised the importance of 
embodied carbon and presented many quantification analysis studies, the contemporary 
state of research is plagued by a wide variation of embodied carbon values. This therefore 
prompts to an overview of three common Life Cycle Assessment (LCA) approaches, 
which are process, input-output and hybrid analyses. Especially, several restrictions in 
applying LCA studies throughout the building’s life cycle are also discussed. Finally, the 
authors urge that it is vital to develop a robust inventory data and a comprehensive 
methodology to streamline the embodied emissions computation framework and 
recommend that future research should focus on holistic carbon assessment standard that 
could calibrate both embodied and operational carbon impacts. 
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INTRODUCTION 
The building and construction sector is crucial as it serves as a lifeblood of the economy. 
Such a sector, which is heavily tied to natural resources and waste generation, has been 
long plagued as the single largest contributor to climate change (Gong et al., 2012). In the 
Europe Union, the built environment consumes 50% of the raw materials, 42% of the 
energy consumption, and releases 35% of greenhouse gas emissions (GHG) along with 
32% of waste flows (Pomponi & Moncaster, 2016). Moreover, the annual usage of 
concrete in the construction industry continues to increase to 23 billion tons (Miller, Doh, 
& Mulvey, 2015), and the cement industry solely contributes 5% to the global CO2 
emissions (Flower & Sanjayan, 2007). It is therefore urgent for the construction sector to 
formulate effective solutions and techniques to accommodate sustainable development 
strategies.  

Basically, the building’s lifecycle carbon emissions consist of two main components: 
embodied and operational emissions. Due to the largest share of energy-related 
operational emissions, embodied carbon is presently not a consideration when the 
building is designed, specified and constructed (Alwan & Jones, 2014). However, 
recently, there has been solid evidence that embodied impacts also serve as the main 
contributor to the global emissions. Based on structural types and functions of buildings, 
geographic and climatic conditions, applied construction methods, and so forth, embodied 
emissions can occupy more than 50% (R. Crawford, 2011) and up to 74-100% (Chastas, 
Theodosiou, & Bikas, 2016) of the building’s lifecycle carbon emissions. Further, Ibn-
Mohammed, Greenough, Taylor, Ozawa-Meida, and Acquaye (2013) identified that the 
increasing proportion of embodied impacts was, in fact, one consequence of efforts to 
minimise the operational emissions, thereby shifting the environmental pressures from 
one stage to the others. This implies that there is a certain limit for the overall emission 
savings through reduction in operational energy; thus, sustainable design now should 
target towards the impacts embodied in the remaining phases of the building’s life cycle.  

Despite the growing awareness and development of computation models, there is 
currently no globally-accepted analysis framework and design standard that cover the 
embodied environmental impacts in the building performance assessment. As a great 
amount of quantification analyses were derived for estimating embodied carbon of 
different buildings’ types, a wide range of findings were found in the body knowledge. 
According to Eaton and Amato (1998), the embodied emissions of different structures—
namely steel, composite, reinforced and precast concrete—was in the range of 600-850 
kgCO2-eq/m2. On the other hand, Clark (2013) reported that the embodied carbon value 
of office buildings varied from 300 to 1650 kgCO2-eq/m2, relying on divergent 
methodologies applied in academic and industry assessments (De Wolf, Pomponi, & 
Moncaster, 2017). Recently, Manish K Dixit, Fernández-Solís, Lavy, and Culp (2012) 
reported several parameters causing the variability of embodied impact values, which 
were system boundaries, measurement methods, the building’s geographic location, data 
resources’ ages and completeness, technology of manufacturing processes, and so forth. 
Hence, the authors emphasised the urgent need of a holistic and internationally-accepted 
measurement protocol to evaluate the embodied environmental impacts throughout a 
building’s lifecycle. 

At present, LCA reveals as a the most effective approach to quantify and evaluate 
the environmental impacts of a product/service, including associated emissions and 
cumulative energy consumption (Buyle, Braet, & Audenaert, 2013; Manish K Dixit et al., 
2012). Therefore, this paper aims to provide a comprehensive overview of the building’s 
lifecycle embodied carbon emissions assessments that rigorously elaborates their 
advantages and restrictions. Further, the paper discusses several difficulties in applying 
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LCA concept in the context of a building and emphasises the need for an internationally-
accepted assessment framework to calibrate both embodied and operational carbon in the 
building sustainability analysis. 
 
BUILDING’S LIFE CYCLE CARBON EMISSIONS  
The life cycle carbon emissions can be categorised into Embodied Carbon (EC) and 
Operational Carbon (OC). While EC is defined as the carbon emitted from the extraction, 
manufacturing, transportation of the final material to onsite assembly, OC is the carbon 
expended to maintain the desired indoor environment of a building, encompassing all 
activities relevant to the function of the building, including HVAC system, domestic hot 
water, lighting and appliances (Akbarnezhad & Xiao, 2017). However, in practice, there 
are various definitions of EC, relying on the boundary of the studies and EC’s different 
forms. Based on the chosen system boundary, there are three common definitions: cradle-
to-gate; cradle-to-site; and cradle-to-grave EC (Figure 1). 

 
 

Figure 1.  Building's lifecycle EC emissions (Trinh, Doh, & Lei, 2017). 
 

According Li, Yang, Zhu, and Gao (2014), EC composes of two forms: direct 
emissions from the assembly activities and indirect emissions incurred in the extraction 
of feedstock, and the production and transportation of final building materials to the 
construction site. Further, EC can be defined as the summation of fuel-related carbon 
emissions, discharged from the production plants and equipment, and process-related 
carbon emissions, for example, the calcination of limestone occurring in the cement 
manufacture (Moncaster & Symons, 2013). Moreover, in the same manner of Embodied 
Energy (EE), embodied emissions can also be classified into: Initial Embodied Emissions, 
ranging from the material production to the jobsite erection phase and Recurring 
Embodied Emissions, referring to repair and replacement when the material’s lifespan is 
shorter than the building operation years (Ramesh, Prakash, & Shukla, 2010). Besides, to 
obtain the most accurate figure of a building’s lifetime EC emissions, the sequestration 
of carbon in constructive materials (such as timber and wood components) and the 
lifetime use of materials (such as the carbonation of concrete) should also be considered 
(Collins, 2010; Moncaster & Symons, 2013). 
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LIFECYCLE CARBON EMISSIONS ASSESSMENT  
LCA is an approach focusing on appraising the total environmental burden associated 
with a product, process or service throughout its lifetime expectancy (Khasreen, Banfill, 
& Menzies, 2009). By identifying energy and material inputs and quantifying 
environmental loadings, namely carbon emissions and solid/liquid waste, the model is 
capable of evaluating the ecological performance of the assessed system and assisting the 
implementation of improving strategies (Chau, Leung, & Ng, 2015). Typically, the 
assessment encompasses the whole lifecycle of the product, including upstream supply-
chain (extraction and production of materials, transportation, distribution and 
construction), use (operation and maintenance), and downstream processes (demolition, 
waste disposal and recycling). Based on geographical features of the system’s location, 
critical environmental impacts, such as climate change, terrestrial acidification, ozone 
depletion, marine/freshwater eutrophication, are computed, by means of energy and 
resource consumption and waste generation. According to ISO 14040:2006, LCA is 
comprised of four phases: Goal and Scope Definition, Inventory Analysis, Impact 
Assessment and Interpretation. Specifically, the first phase is to select the functional units 
and system boundaries, which are appropriate for the main objectives, the comparability 
and reproducibility of the appraisal. Then, all data pertaining to inputs, processes, and 
emissions are inventoried in Phase 2, and utilised to calculate input resources and the 
corresponding environmental impact in Phase 3. Finally, the obtained results are 
interpreted to make recommendations for areas requiring improvement.   

There are two distinct variants of LCA with the Life Cycle Energy Assessment 
(LCEA), targeting energy consumption, and the Life Cycle Carbon Emissions 
Assessment (LCCO2A), concentrating on the carbon emissions discharged (Chau et al., 
2015). Despite its great importance in the evaluation of a system’s environmental 
behaviour, the latter stream of LCA studies (LCCO2A) receives less attention than the 
former one (Pomponi & Moncaster, 2016). The LCCO2A was possibly derived in 
response to the extreme consequences of global warming. Since the Kyoto Protocol took 
effect in 2005, many studies have been conducted to evaluate the carbon emissions 
released from buildings. Not only does the Kyoto Protocol define six main GHGs, the 
impact of all GHG emissions is also normalized by their relative warming effect with 
respect to CO2, the so-called ‘global warming potential’ (GWP) in terms of CO2-
equivalent, to enhance comparability and the reporting process of the overall global 
warming impact (Akbarnezhad & Xiao, 2017). Figure 2 illustrates the basic concepts of 
LCA and how the LCEA and LCCO2A interact over the lifecycle stages. 

 
Figure 2.  Conceptual diagram of LCA (adopted from (Chau et al., 2015)) 

 

EMBODIED CARBON DETERMINATION METHODOLOGIES 
LCA is reported as a widely adopted methodology to quantify and evaluate the 
environmental impact of a product/service, including the associated emissions and 
cumulative energy consumption (Buyle et al., 2013; Manish K Dixit et al., 2012). 
According to Manish Kumar Dixit, Fernández-Solís, Lavy, and Culp (2010), the primary 
LCA determination methods could be categorized into statistical analysis, process 
analysis, economic input-output (I-O) analysis and hybrid analysis. Despite the specific 
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and reliable evaluation outcomes, statistical analysis is applied in a limited fashion due to 
its high dependence on comprehensive published statistics, which are rarely collected in 
most countries (Mao, Shen, Shen, & Tang, 2013) 
 
Process analysis 
In contrast to statistical analysis, process-based analysis (the bottom-up method) is 
preferably utilised. Process analysis traces all materials and energy flows in the 
manufacturing chains, using a process flow diagram, and estimates the corresponding 
environmental effects (Guggemos & Horvath, 2006; Mao et al., 2013). According to 
Sharrard, Matthews, and Ries (2008), owing to the complex nature of the construction 
industry, the better apprehension of environmental implications would be best achieved 
by process LCA. Although the results are detailed and process-specific, allowing for the 
comparability of products/processes and the identification of required improvement areas, 
process LCA is time-consuming, costly and labour-intensive, owing to various activities 
involved in the production process (Atmaca & Atmaca, 2015). To tackle this issue, an 
appropriate system boundary is established to monitor all physical flows and the data 
collection. However, the selected boundary conditions could be subjective and 
incomplete, leading to systematic truncation errors that reduce the final outcomes by 50% 
compared to other approaches (R. H. Crawford, 2008). According to Nässén, Holmberg, 
Wadeskog, and Nyman (2007), process analysis showed 90% lower specific energy use 
compared to I-O analysis and tended to underestimate the energy consumption of 
transportation, construction works, machinery production, and service sectors. 
 
I-O analysis 
Economic I-O analysis (top-down approach) encompasses all services within a complete 
system boundary, through an analysis of environmental inputs and outputs from 
associated industry sectors (Moncaster & Symons, 2013). Particularly, I-O transaction 
tables, depicting the purchase flows between economic sectors and their corresponding 
added value, are utilised to allocate the environmental output of each sector to the 
appraised system through monetary data. The competence of this method lies in the 
accountability of all indirect impacts embodied in the upstream chains, which is 
impossible to completely cover by process analysis (Yan, Shen, Fan, Wang, & Zhang, 
2010). Specially, it is best suited for the computation of the overall energy consumption 
and carbon emissions of the construction sector and the average environmental intensity 
of all buildings (Nässén et al., 2007; Shao et al., 2014). 

Nevertheless, I-O analysis is also subject to many drawbacks and limitations. For 
instance, I-O LCA cannot sufficiently account for project-specific differences, thereby 
being unable to enhance comparison among different buildings (Akbarnezhad & Xiao, 
2017; Shao et al., 2014). Due to product aggregation in sectors, the carbon intensity of a 
certain sector can be either underestimated or overestimated depending on its weighting 
in the sector combination. Moreover, I-O analysis assumes the national average 
environmental intensities for all products produced by a particular sector, resulting in 
homogeneity error (R. Crawford, 2011). Further, it equates carbon emissions directly with 
monetary values, therefore usually hiding the carbon benefits of ‘green’ materials with 
relatively high prices (Moncaster & Symons, 2013) and distorting physical flow 
relationship amongst industries due to price inhomogeneity (Suh et al., 2004). Other 
shortcomings such as difficulty in handling of imports, and double counting in energy 
supply sectors are also identified and addressed (Akbarnezhad & Xiao, 2017; Atmaca & 
Atmaca, 2015; Nässén et al., 2007; Omar, Doh, Panuwatwanich, & Miller, 2014).  
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Hybrid analysis 
Regarding the benefits and shortcomings of process and I-O analysis, Bullard et al. (1978) 
were the first to incorporate the more detailed process LCA and the extended system 
boundary of I-O LCA into a so-called hybrid analysis (Suh et al., 2004). In general, hybrid 
approaches can be classified into three categories: tiered hybrid analysis; input/output-
based hybrid analysis; and integrated hybrid analysis (Suh et al., 2004; Treloar, 1998). 
Overall, with hybrid LCA (HLCA), both upstream and downstream processes of product 
manufacture can be adequately analysed by further considering direct and indirect 
emissions. Thus, HLCA can handle cutoff errors, the level of aggregation in sectors, and 
temporal and geographic uncertainties (Omar et al., 2014). In detail, HLCA combines the 
more specific process LCA data into I-O LCA framework to diminish the truncation 
errors and aggregation uncertainty. On the other hand, by employing the national 
economic I-O table, which is commonly issued every five years by the Bureau of 
Statistics, hybrid LCA can effectively manage temporal and geographic uncertainties. 
Although hybrid analysis is notorious for its data and time-intensive requirements, I-O-
based hybrid LCA developed by Treloar (1997) is believed to be the most complete and 
comprehensive environmental analysis of a building performance (R. H. Crawford, 
2010). In addition, HLCA can be employed in case of unavailability of process data and 
resources (Suh et al., 2004).  
 
Difficulties in EC assessment 
In the context of a building, employing LCA for lifecycle EC assessments is not directly 
straightforward for many reasons. Firstly, buildings are varied in size, form and function. 
They are complicated and one-of-a-kind in nature; therefore, the erection usually involves 
the assemblage of various materials and components (Manish K Dixit et al., 2012). Also, 
building material production is less standardized owing to the unique features of each 
building, thereby limiting the environmental evaluation of the manufacture of materials, 
construction and demolishment processes (Ramesh et al., 2010). Secondly, the materials 
and products exploited may possess a wide range of environmental impacts in their 
manufacture, which is hard to trace due to the non-uniformity of the system boundary 
(Manish K Dixit et al., 2012). Additionally, the assessment of buildings requires site-
specific data to cover spatial differences. Since data availability during the early design 
phases is very limited, several data resources and assumptions are leveraged, resulting in 
inaccuracies. Thirdly, the technology pertaining to material production and construction 
is developing rapidly, which significantly changes the related embodied impacts. Hence, 
there is always a shortage of inventory data for some innovative or ‘green’ materials, 
hindering the comparison against conventional materials (Chau et al., 2015).  

Fourthly, since a building has a much greater service life than normal products, 
tracking and appraising for such a long time require massive effort in terms of data 
collection and interpretation. More so, during its functional life, buildings may experience 
changes due to their dynamic characteristics, such as function alteration, retrofit and 
renovation, and repair/replacement activity, further complicating the data-collecting 
process (Khasreen et al., 2009). Besides, the lifespan of a building is difficult to determine 
since both the service life and the adaptability of the building to the market demand should 
be considered (Peng, 2016). Therefore, LCA studies in fact do not consider time-
dependent aspects and usually assume constant impacts over the building’s lifetime (Chau 
et al., 2015). Fifthly, the delivery process of a building is influenced by diverse behaviours 
and motivations of key stakeholders, worsening the complex issue (Ibn-Mohammed et 
al., 2013). Finally, according to Chau et al. (2015), in practice, the lack of benchmarks in 
building performance studies and chain management responsibility, and the non-
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commitment of top-level management to LCA could be fundamental barriers for LCA 
application. In summary, these forgoing factors challenge the environmental assessment 
of the building industry. 
 
CONCLUSION 
To conclude, this research elaborates three typical LCA quantitative methodologies and 
their limitations for EC calculation. Numerous barriers in applying LCA studies in 
lifecycle carbon emissions assessment are discussed, such as the unique and complex 
nature of buildings, the lack of international protocols and inventory data, the non-
commitment of top-level management to sustainability, and the limitations in quantitative 
approaches’. As there are several definitions and quantification analysis studies of 
embodied emissions, the contemporary state of research is plagued by a wide variation of 
EC values. Due to the increasingly recognised significance of EC and the current trend 
towards low-carbon buildings, it is crucial to develop a robust inventory data and a 
comprehensive methodology to streamline the EC computation framework. Moreover, 
the development of a lifetime carbon accounting benchmark in terms of both embodied 
and operational carbon is in high demand to provide the trade-offs within different design 
options; and therefore, a better understanding of the potential of GHG mitigation 
strategies. 
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